Abstract: When the soil invaded by water as the grounding medium in green power generation sites near river basins, on the coast, is dominantly characterized in terms of its resistivity, the characteristics of the voltage and current waveforms on transient discharges such as the soil can be experimentally investigated using the liquid gap, reproducing the resistivity of the soil. The transient discharge characteristics is available information on the surge withstand rating of surge protective devices used in the green power generation sites. Experimental results on the behaviour of lightning impulse discharges in a tap-water gap are reported; these results show that the resistivity of tap water is nearly equal to those of a river and cultivated and marshy land. Further, (1) the discharge voltage and current waveforms indicate the periodic attenuated waveforms for one period, and the voltage waveforms indicate amplitude distortions; (2) the discharge impedance obtained using the fitting curves to the discharge waveforms ranges from 1 to 2.5 times that of the tap-water resistance, i.e., 80Ω,    and from  8  to  3.2 times that for positive and negative rod discharges.
Introduction
Most green energy facilities such as photovoltaic or wind power generation systems have been constructed near river and lake basins [1], [2] , on the coast [3], or offshore [4] to secure both the air flow required annually and the wide building sites for high power output due to system integration [5] or to avert low-frequency noise pollution originating from the wind turbine operation [6] . This means that power generation buildings are likely to be affected by lightning surges via space, ground, and river or sea invasion routes [7] , [8] . From the viewpoint of internal lightning protection [9] , [10] , it is important to evaluate the efficiency of surge protective devices (SPDs) [11] , [12] , as applied on the electrical power systems of the power generation systems. The internal protection measures against lightning attacks need to be verified in each discharge medium, given that the voltage and current waveforms and their impedance vary individually with the discharge media [13] .
The soil in the grounding medium has been electrically specified on the basis of its resistivity and permittivity [14] . These are called the "soil parameters," and they affect the lightning response of grounding electrodes. The soil impedance [15] decreases with an increase in the water content ratio to the soil volume when the soil is invaded by water, and the resistance component can be experimentally approximated to the soil impedance [14] at high frequencies in lightning strokes. Then, the liquid medium gap in discharges is available for obtaining a desired resistivity by adjusting the salt concentration in pure water. The tap water in Japan shows a resistivity of 50 Ωm and is a candidate for a gap medium of lightning discharges when the resistivity of the grounding soil near a river and a lake of less than 100 Ωm is to be reproduced [15] .
The impedance can be obtained by the proposed method [16] using instantaneous values in discharge voltage and current waveforms. When a voltage waveform (V) precedes a current one (I) in any medium, the equivalent circuit can be approximately represented as a simple series circuit consisting of resistance and inductance. waveform with either positive or negative polarity. However, the SLIG also outputs a bipolar voltage waveform by satisfying the oscillation condition in a transient circuit when its output resistance is connected in parallel to a small resistance. Therefore, the oscillating waveforms of the voltage and current during the discharge may contain useful information for determining the discharge impedance. To determine the discharge impedance in the liquid gap, the impulse discharges were performed under oscillating conditions. In this study, to accumulate basic data for utilizing SPD, we examine the time dependence of the discharge waveform and impedance during an impulse discharge using a standard lightning impulse generator in a tap -water gap.
Discharge Experiments
The equivalent circuit for the SLIG used in the experiment is shown in Figure 1 . It is a series circuit with passive circuit elements C IG , r IG , L IG , and R IG . C IG represents the total capacitance, 66.7 nF, which is supplied by three 200 nF capacitors connected serially. The total series resistance r IG is 30 Ω. L IG represents the inductance, which is 360 μH, and R IG represents the output resistance of 992 Ω. To determine the discharge impedance in tap-water, we performed discharge experiments under the oscillating discharge condition through the SLIG. When R IG is connected to the discharge impedance (Z w ) in parallel, the oscillation condition is fulfilled as
, whereZ w is assumed to be as small as the value for a lead wire.
The electrode set was consisted of the rod (Φ 3.0 mm x 50 mm) and plate (250 mm x 250 mm) electrodes which were made of stainless steel (SUS304). The liquid gap between the rod and plate electrodes is also consisted of tap-water as shown in Figure 2 A set of voltage and current values was measured by a digital storage oscilloscope (DSO) as shown in Figure2 (b). The discharge voltage was measured by a high-voltage probe (HVP) using a resistor-divider with an attenuation ratio of 1/5000 and a response time of less than 1 ns. The discharge current was measured by a high response current probe (HRCP) using a semiconductor sensor with an attenuation ratio of 1/100 and a response time of 5 ns. The discharge emission photographs on the liquid were taken by a Polaroid camera (PC) located over the supporter in Figure 2 (b) . 
Experimental Results and Discussion
The emission photographs on the tap -water are shown in Figures 3 (a) and (b) for positive and negative rod discharges, respectively, where each shadow was caused by the supporter. The emission area for the positive discharge on the liquid was rather smaller than the negative case, because the experiment was done at different threshold voltages corresponding to the 50% flashover voltage (V 50 ) as shown in Figures 4 (a) and (b) . It was found that the positive discharge emission indicated many delicate branches compared to the negative case as well as those on dielectric solids. Figures 5 and 6 for positive and negative discharges, respectively. These waveforms were determined with the synchronous averaging method using six raw voltage and current waveforms. As a result, smoothed discharge waveforms appeared, and the voltage waveforms indicated different amplitude distortions in both the positive and negative discharges compared to those of the current waveforms. It was confirmed that the period (T) of the voltage and current waveforms was approximately equal to 40 μs (corresponding frequency of 25 kHz). It was also concluded that the value T in the liquid gap was 3 μs shorter than the case of the airliquid gap reported in [18] and the duration was 57% of that in the air gap.
The voltage waveform without distortion can be reproduced using the impedance information including in the transient current when the discharge current is replaced by the transient current in the SLIG circuit as shown in eq.(1).
Where V c is a charged voltage of C, α = R 0 /2L, is total output resistance of the SLIG, With respect to the circuit model, a series circuit including the discharge resistance and inductance can be proposed through the experimental results. The existence of the resistance was detected from the oscillating and attenuating waveforms, as shown in Figures 5 and 6 mentioned above. When the t d was carefully examined, the time lag of all peaks is shown in Figures 7 (a) and (b) for positive and negative discharges, respectively, where air and air-tapwater gaps are also arranged for reference. It was confirmed that the time lag for each current peak in all gaps existed. It was found that the first current peaks each in the positive and negative discharges commonly had a delay time of around 3 μs against the voltage waveform. Thus, the discharge currents may effectively include an inductive component. The impedance in the tap-water gap is considered for the values obtained by three approaches. The first approach is to calculate the static volume resistance using the liquid conductivity measured in the tap-water gap. The second one is to solve the simultaneous equation with time using the reproduced waveforms, and final one is also to solve the The R w for the first approachwas obtained to be 80 Ω  using the conductivity meter, which means the static volume resistanceand is indicated with an arrow. The R w for the second approach is indicated with a green lower solid curve, and gradually decreased and approached to 80 Ω over time. The R w for the final approach gradually increased over time but displayed curved regions. The R w in curved region till 40 μs partially agreed to the values of the second approach. The L w value, however, largely oscillated before synchronizing with the current period different from the constant values in the air gap [18] . For times up to 60 μs, the circuit elements and their impedance can be summarized using the results of the second approach as R w =80-200 Ω,  L w = 0.01-31 μH, and Z w  = 80-200 Ω for the positive discharge; and R w =145-255 Ω,  L w = 0.01-140 ΩH, and Z w =146-256Ω for the negative discharge. Then, the value of R w can be practically exchanged for the value of Z w even in the liquid gap for the positive and negative rod discharges as well as the case of the low impedance soil in Ref. [14] . 
Conclusion
The behaviour of lightning impulse discharge in a liquid gap consisting of tap-water is summarized as follows; (1) the voltage waveform distorted for the first half period; (2) the discharge resistance of fitting curves decreased moderately over time and approached to the static volume resistance for the duration; (3) the discharge impedance was dominated over time by the resistance component because of little inductance one. This may give clues about how to effectively apply an SPD system for internal lightning protection measures.
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